Abstract: A new tunable plasmonic biosensor is proposed by embedding liquid crystals in the slit region of a corrugated plasmonic nanoslit array. The absorption spectrum of the structure and, thus, the sensing wavelength can be controlled by applying voltage to the electrode parts of the device. The interaction between the waveguide mode inside the slit and the surface plasmon polaritons on the corrugation surface can be modified using the electrooptical effect of the liquid crystals. Our numerical simulations with the finite-difference time-domain (FDTD) method reveal a large tuning of the absorption spectrum up to 100 nm. In addition to the tunability feature, the structure has a high sensitivity of 570 nm/RIU. The sensing performance of the device is evaluated by performing homogeneous biochemical sensing simulations. The special feature of the proposed structure gives it an opportunity to be used as an efficient element in integrated photonics circuits for miniaturization and tuning purposes.
Introduction
Recently, sensors that are based on surface plasmon resonance (SPR) have attracted significant attention due to their high sensitivity and low noise [1] , [2] . Propagating at the metal/dielectric interface, surface plasmon polaritons (SPPs) allow confinement and guiding light beyond the diffraction limit [3] .
SPR sensors, which are based on extraordinary optical transmission (EOT) through subwavelength apertures in metallic films has received extensive research investigations [4] , [5] . These new sensors provide a high degree of miniaturization while preserving high sensitivity. Particularly, SPR sensing of biochemicals using nano-hole arrays was described in [6] . Practically, sensing in such systems is performed in the transmission mode via detection of the spectral shifts in the EOT peak positions for small changes in the analyte index of refraction. Moreover, great research efforts have been devoted to the periodic structures around a nano-aperture since the optical transmittance and also the sensitivity of these systems can be largely enhanced with respect to that of an isolated aperture [7] - [9] .
To the best of our knowledge, previous works on plasmonic sensors have almost exclusively focused on passive components with properties fixed by the structural parameters of structures. Like typical integrated optics technology there is a strong demand for tunability in these devices.
Attaining active control of plasmonic signals in nano-optic devices is the greatest challenge that faces SPs researches [10] ; most research studies in this field are still at an early stage.
Several innovative strategies have been proposed to realize tunable plasmonic devices, during which the optical properties of the device can be controlled by temperature variation [11] , optical excitation [12] , mechanical control [13] , or more interestingly by application of voltage [14] , [15] . As the most significant technique, electro-optic control of plasmonics signals can be provided by the utilization of liquid crystals, due their high levels of controllable birefringence [16] . With its low driving voltage and low-priced fabrication technology, liquid crystal technology seems to be an impressive candidate for tunable plasmonic devices and is proposed as switches, filters, beam deflector, etc. in various applications [17] - [27] .
Based on our knowledge so far, there is no research on tunable plasmonic sensors by means of liquid crystals. One of the biggest challenges in this area is that the liquid crystals should be in contact with the plasmonic structure to benefit from the tunability feature. On the other hand, the material under sensing must be also in contact with the plasmonic structure. This causes some difficulties in designing a plasmonic sensor which can utilize the liquid crystal as the active medium and the measurands together. In this paper, we propose a hybrid plasmonic nanostructure consisting of corrugated nanoslit array combined with liquid crystals to enable active functionalities in plasmonic circuitry. The absorption spectrum of the structure can be controlled easily by using liquid crystal in the structure and applying voltage to the structure without the need to change the geometrical parameters of the structure. This device is an important step toward a fully integrated tunable surface plasmon lab-on-chip solution, and this novel sensor can be applied to high-resolution biological sensing. This paper is organized as follows: following this introduction, a brief review of the numerical analysis used in this paper is given in Section 2. The results of the detailed simulation of isotropic corrugated nanoslit array is presented and explained in Section 3. In Section 4, the tunability feature of the proposed structure is investigated by using liquid crystal in the slit region of the structure. Considering the results of Sections 3 and 4, a new tunable plasmonic sensor is presented in Section 5. The influence of changes in the orientation of the liquid crystal molecules on the optical response of the plasmonic sensor structure is investigated in details. Finally, Section 6 concludes the paper.
Numerical Analysis
General schematic of the corrugated plasmonic nanoslit array structure used in this study and the unit cell of the computational domain are illustrated in Fig. 1 . The structure parameters of the device are chosen to be d (depth of the nanoslit), w (width of the nanoslits), h (thickness of the corrugations), s (half a distance between two adjacent corrugations), and l (width of the corrugations). Each of the walls of the nanoslits is connected to an electrode in an interdigitated manner in order to have a uniform static electric field along the x -direction inside the slits. The structure is deposited on top of a semi-infinite BK7 glass substrate with refractive index of 1.52 and zero absorption coefficient.
Nematic liquid crystal is infiltrated in the nanoslit arrays to give the tunability characteristic to the structure. To simulate the structure filled with anisotropic liquid crystal (LC) molecules and to illustrate its new properties, two sets of simulations have been done. The first one is the electrostatic simulations by finite element method (FEM) which gives us the orientation of the electrostatic electric field inside the structure and correspondingly the tilt angles of the liquid crystals for high values of voltages. The electric field vector and the electric potential inside the nanoslit in x -y plane, for an applied voltage just above the threshold is shown in Fig. 2 , from which we can see the uniform electric field and correspondingly uniform liquid crystals tilt angle.
Then for the optical simulations, the three-dimensional Anisotropic-Dispersive Finite-Difference Time-Domain (A-D-FDTD) method is used. Periodic boundary conditions are applied to the ðx Þ-and ðy Þ-directions to describe an infinite square. Extent of the unit cell in the x -and y -directions is lattice period. The perfectly matched layer (PML) as the absorbing boundary condition along the z-direction is also used to absorb outgoing waves. The FDTD mesh size and time step used in this paper are Áx ¼ Áy ¼ Áz ¼ 5 nm and Át ¼ 0:0094 ps; which is achieved following the Courant stability condition. In our entire simulations normalized absorption spectrum were computed for the normal angle of incidence along the z-direction from the glass substrate. To calculate the absorption spectrum, the reflection and transmission spectra were first calculated. The monitor plane for reflection is located inside the glass substrate at Z R ¼ 1000 nm away from the interface between the gold film and the glass and the monitor plane for transmission is located above the structure at Z T ¼ 1000 nm away from corrugation surface. Optical absorption is then calculated directly by Absorption
The tilt angles of the liquid crystal, derived from the finite-element simulations, were imported as the inputs to the FDTD solver. Nematic liquid crystal is considered as an anisotropic medium with the dielectric tensor reported in [28] . Assuming the optical axis of the liquid crystal molecules in the x-z plane, the dielectric tensor is given by
where n o and n e are the ordinary and extraordinary indices of refraction, respectively. In the equations above, , which is known as the tilt angle, is the angle between the optical axis of the liquid crystal molecules and the z-direction. In the entire paper n e and n o are considered to be 1.737 and 1.518, respectively, which belong to nematic liquid crystal (E7) at room temperature [24] . The amount of voltage needed to switch a nematic liquid crystal molecule is a function of the specific material used, cell thickness, surface anchoring conditions, and the initial alignments. Weak anchoring condition is considered in the simulations for simplicity, i.e., the liquid crystal molecules can be easily oriented inside the nanoslit by applying a voltage to the electrodes. Moreover, the dielectric function for gold is approximated using the Drude-Lorentz formula [29] "
where the dielectric constant at the infinite angular frequency is " 1 ¼ 5:9673, the bulk plasma frequency ! D ¼ 2 Â 2:1136 Â 10 15 rad/s, the damping coefficient D ¼ 2 Â 1:592 Â 10 13 , the oscillator strength L ¼ 2 Â 6:5007 Â 10 14 rad/s, the spectral width of the Lorentz oscillators À L ¼ 2 Â 1:0486 Â 10 14 rad/s, and the weighting factor Á" ¼ 1:09 [30] . ! is the angular frequency of the incident electromagnetic radiation.
General Characteristics of Corrugated Plasmonic Nanoslit Array
First we investigate the characteristics of the structure in the absence of liquid crystal, i.e., all the surrounding media around the gratings and in the nanoslits are considered to be air. A modulated Gaussian plane wave with p-polarization, which is polarized perpendicularly to the metal nanoslits, is used to illuminate the structure. The bandwidth of the excitation pulse is 245 nm and the location of the source is 5 m away from the structure in the glass substrate. According to Fig. 1(b) , we choose d ¼ 500 nm, w ¼ 100 nm, h ¼ 100 nm, s ¼ 40 nm, and l ¼ 80 nm. The lattice period in the x -and y -direction are set to be 400 nm and 150 nm, respectively. These values are chosen so that the spacing between any two adjacent slits is 400 nm, which is much larger than the skin depth of SPP mode at Fabry-Perot (F-P) resonance wavelengths [24] . Therefore, the structure can be considered as combination of several isolated Metal-InsulatorMetal (M-I-M) structures. By illuminating the structure with a p-polarized wave, SPPs are excited and propagate through the nanoslit with specific waveguide modes until they reach the exit surface where some return into the light mode scattered away from the structure and some propagates towards the x -direction on the corrugation surface as SPPs. We study the effect of the thickness ðhÞ of the corrugations on the optical characteristics of the structure. The contour map of the absorption spectra as a function of the wavelength and the thickness of the corrugations is illustrated in Fig. 3(a) . As shown by the green dotted lines, there are two sets of resonances which correspond to F-P modes inside the nanoslits. By increasing the thickness of the corrugations to 100 nm, we can see an increase in the absorption efficiency of the second mode. If the thickness of the corrugations is increased further, a decrease in the absorption efficiency will be observed. That is so because the emerging waves from the slit are better matched to the SP modes of the gratings for the corrugation thickness of 100 nm [31] , [32] . Moreover, we can see a redshift for both of the modes which related to the increase in optical path lengths of the SPPs. The inset in Fig. 3(b) shows the normalized absorbance as a function of the corrugation thickness from which we can see the optimum corrugation thickness of about 100 nm. Fig. 3(b) shows a cut through Fig. 3(a) at h ¼ 100 nm, from which we can see two resonant modes at the wavelength of ¼ 903 nm and ¼ 1572 nm. The absorption efficiency is about 85.3% and 8.7% at these wavelengths, respectively. The bright region at the wavelength of 750 nm, observed in Fig. 3(a) , is the tail of a part of the spectrum which involves the third F-P mode inside the slit.
In order to have profound understanding of the physics behind the proposed structure, the FDTD simulations of electric field magnitude distributions in the x -z plane for three periods, at the resonance wavelengths of ¼ 1572 nm and ¼ 903 nm, are depicted in Fig. 4(a) and (b), respectively. As can be seen from Fig. 4(a) , the electric field is concentrated mostly inside the slit showing a standing wave pattern corresponding to the first F-P mode inside the slit. However, for the second mode the electric field is enhanced not only inside the nanoslit, but also on the corrugation surface. This proves that for the second mode, there is a good matching between the F-P mode of the nanoslits and the plasmonic mode of the corrugations. Therefore, must of the energy of the second mode is coupled to the surface plasmons, because of this strong matching, which results in a high absorption efficiency for the second mode. It is obvious that this mode is highly depends not only on the slit width and depth but on the structural parameters of the corrugations as well. Therefore, one can understand that by changing the structural parameters of the corrugations, the matching condition between the F-P and SP modes can be changed, and therefore, we can see a change in the resonance wavelength of the second mode.
Furthermore, the interesting feature of the proposed structure is that changing the material inside the nanoslits array or the material surrounding the corrugations can tune the resonant wavelength of the second mode independently. This significant characteristic of the proposed structure gives us this opportunity to realize a tunable plasmonic sensor. In the following sections, we will show that by filling the nanoslits with nematic liquid crystal, the structure can benefit from the tunability feature and by changing the refractive index of the material surrounding the corrugations, the performance of the structure as a plasmonic sensor can be evaluated.
Active Corrugated Plasmonic Nanoslit Array
It is always desirable to achieve active control of the plasmonic signal in nanophotonic circuits. In order to have high tunability feature in the proposed structure, in the next step, we fill the nanoslits with liquid crystals. The tilt angle of the liquid crystal is assumed to be ¼ 0 in the absence of the applied voltage. This assumption of the initial orientation of the liquid crystal is valid since the initial orientation of the liquid crystal molecules can be determined by the direction of the flow during the filling process [33] . The technique of microfluidic allows this type of filling. To show the tunability feature, a sinusoidal voltage with a frequency of 1 KHz is applied to the electrode part of the device as shown in Fig. 1(a) . By applying a voltage across the electrodes, the static electric field is created inside the nanoslits since the walls of the nanoslits are connected to the electrodes in an interdigitated manner. Therefore, the orientation of the liquid crystal molecules can be changed. Changing the optical axis orientation ðÞ of liquid crystal molecules alters the effective permittivity and, thus, the optical response of the structure and there is no need to change the geometry. The contour map of the absorption spectra as a function of the wavelength and tilt angle of the liquid crystal molecules is illustrated in Fig. 5(a) . In the rest of the paper, we just considered the specific mode of the structure in which strong matching exists between the F-P mode inside the nanoslit and the SP mode of the corrugations. A cut through Fig. 5(a) at the two tilt angles of ¼ 0 and ¼ 90 are also shown in Fig. 5(b) . It is clear from the figure that changes in the tilt angle can significantly affect the resonant wavelength of the structure. The resonance wavelength red shifts from 857.3 nm to 893.4 nm, as increases from 0 to 90 , due to increase in the effective refractive index of metal-liquid crystalmetal (M-LC-M) nanoslit. Moreover, the absorption efficiency increases with increasing the tilt angle. It is so because better matching conditions can be achieved between the F-P mode of the nanoslits and the SP mode of the corrugations by increasing the tilt angle. The absorption efficiency increases from 43.7% to 92.5%, as increases from 0 to 90 . These results are also consistent with previous researches on active liquid crystal plasmonic structures [24] - [27] .
The electric field magnitude distributions in the x Àz plane for three periods, at ¼ 857:3 nm for tilt angle of 0 and at ¼ 893:4 nm for tilt angle of 90 are illustrated in Fig. 6(a) and (b) , respectively. We can see a stronger matching between the waveguide mode and the SP modes for liquid crystal tilt angle of 90 , results in stronger SPPs on the corrugation surfaces and higher absorption efficiency.
Realization of a Tunable Plasmonic Sensor
To show the sensing capabilities of the device, the air sections of the structure around the corrugations are filled with sodium chloride (NaCl) solutions in de-ionized (DI) water with concentrations of 0-22%. The refractive index of a NaCl aqueous solution changes 0.0018 RIU per 1% mass concentration at 20 C [34] . The rest of the structure is the same as that shown in Fig. 1 with liquid crystal inside the slits. A change in the refractive index, n s , of the solution changes the SPP guided mode and the corresponding effective index n eff , which can be detected by monitoring the shift in the resonance wavelength, r , of the absorption spectrum. Moreover, by applying voltage across the liquid crystals, we can benefit from the tunability feature. This flexibility is practically important because specific wavelength range is often desired for sensing biomolecules of specific spectral signatures. We consider two cases: in the first case, the tilt angle of the liquid crystals is biased to be 0 . Fig. 7(a) shows the normalized absorption spectra for two different solution refractive indices of n s ¼ 1:33 (blue solid curve) and 1.37 (cyan dashed curve). As can be seen, the resonance wavelength redshifts from 1208 nm to 1230.8 nm when the NaCl solution concentration varies from 0 to 22 % with a corresponding variation of its refractive index from 1.33 to 1.37. In the second case, the low frequency voltage is applied to the electrodes. Therefore, the orientation of the Liquid Crystal molecules alters and a variation in the effective refractive index of the M-LC-M structure would be observable. We suppose that the external electric field is enough for changing the tilt angle of the molecules from 0 to 90 . The normalized absorption spectra for two different solution refractive indices of n s ¼ 1:33 (red solid curve) and 1.37 (pink dotted curve) for tilt angle of 90 are plotted in Fig. 7(a) . The resonance wavelength redshifts from 1275 nm to 1291 nm when the NaCl solution concentration varies from 0 to 22 % with a corresponding variation of its refractive index from 1.33 to 1.37.
The resonance wavelength shifts of the sensor as a function of the refractive index of the NaCl solution for the two different liquid crystal tilt angles of 0 and 90 degree are also shown in Fig. 7(b) . As can be seen larger shift can be achieved for tilt angle of 0 , although the corresponding resonant wavelength is in blue in compare with the resonant wavelength for tilt angle of 90
. It is so because the matching between the F-P mode of the nanoslits and SP mode of the corrugations is better for tilt angle of 0 , and most of the emerging light from the slit is converted to the SPPs on the corrugation surfaces which are more sensitive to the refractive index variations. Moreover, the contour map of the absorption spectra as a function of the wavelength and the tilt angle of the liquid crystals for two different NaCl solution refractive index of 1.33 and 1.37 are plotted in Fig. 7(c) and (d) , respectively, which clearly show the tuning feature of the proposed structure by increasing the voltage. As can be seen, by increasing the tilt angle from 0 to 90 degree, the absorption efficiency decreases which is due to the mismatch between the F-P mode inside the slit and the SP mode of the corrugations. This can also be seen from Fig. 7(a) at which the absorption efficiency is between 70 and 78% for tilt angle of 0 and between 42% and 48% for tilt angle of 90 . The detection sensitivity S is defined as the derivative of the wavelength versus the refractive index of the analyte S ¼ @ r =@n s . Fig. 8(a) shows the device sensitivity as a function of tilt angle of the liquid crystal. Based on the simulation results, the theoretical device sensitivities are calculated to be 570 nm/RIU and 400 nm/RIU for tilt angles of 0 and 90 , respectively. By using a current commercial optical spectrum analyzer (Agilent 86146B) that has a wavelength resolution of 2 pm to monitor the spectral shift, the detection limits for homogeneous sensing (defined as minimum detectable refractive index change of the analyte solution) of our device can be as low as 3:508 Â 10 À6 RIU and 5 Â 10 À6 RIU for tilt angles of 0 and 90 , respectively. Fig. 8(b) shows the device resolution as a function of tilt angle of the liquid crystal.
The sensitivity of the proposed plasmonic sensor is observed to decrease with the increase in the tilt angle. A smaller value of the tilt angle gives a higher sensitivity and a correspondingly better resolution. By increasing the tilt angle, the reduction of mode matching between waveguide mode of the slit and SP mode of the corrugations results in lower sensitivity. In fact, the conversion of the waveguide mode to SPPs is not so efficient at higher tilt angles which leads to a reduction in the absorption efficiency and the mode volume on the corrugation surfaces; therefore, the corrugations are less sensitive to the refractive index changes of the medium surrounding them. As an important comparative parameter of sensing devices, the figure of merit (FoM) of the structure was computed via
The FWHM of the resonant mode and the corresponding FoM of the structure as a function of the tilt angle of the liquid crystals are shown in Fig. 9 . The maximum FoM of the structure is 7.39 for tilt angle of 0 . Our simulations demonstrate the feasibility of tuning the optical response of the structure and simultaneously sensing the refractive index of the analyte under sensing. Optimization of the structure geometry should lead to improved performance.
Conclusion
In conclusion, we have proposed a new method to realize a tunable plasmonic sensor on Metal-Liquid Crystal-Metal (M-LC-M) structure. Embedding liquid crystal in the slit region of the structure can be used to tune resonance of the structure efficiently. In fact, by application of an external voltage, one can control the orientation of the Liquid Crystal molecules, thus inducing a variation of refractive index inside the slit, which leads SP modes to change. The simulated results clearly show that the absorption spectrum can be controlled easily by applying external electric field to the structure. The interesting feature of the proposed structure is that the tuning of the structure and the refractive index sensing can be performed simultaneously. The structure shows a high sensitivity of 570 nm/RIU, as well as a large tenability range of about 100 nm. The tuning mechanism introduced in this work can be used effectively in designing new tunable plasmonic structures for biosensing applications.
